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Copper is an essential trace element involved in plenty of redox reactions in living systems, however,

unbound copper ions cause damage to various biomolecules via excessive generation of reactive oxygen

species. Flavonoids, ubiquitous plant secondary metabolites, possess complex effects on human health

and chelation of transient metal ions is one of their proposed mechanisms of action. In this in vitro

study, 26 flavonoids from various subclasses were screened for their interactions with both copper

oxidation states at four (patho)physiologically relevant pH conditions (4.5, 5.5, 6.8 and 7.5) by two

spectrophotometric approaches and compared with the clinically used copper chelator trientine. In a

slightly competitive environment, the majority of flavonoids were able to chelate cupric ions, however,

under more competitive conditions, only flavones and flavonols were able to chelate both cupric and

cuprous ions. Apparently, the 2,3-double bond was essential for stable copper chelation. The most

efficient copper chelation sites were the 3-hydroxy-4-keto group in flavonols and the 5,6,7-trihydroxyl

group in flavones. On the other hand, the 30,40-dihydroxyl group was associated only with a weak

activity. 3-Hydroxyflavone, kaempferol and partly baicalein were even more potent than trientine in the

acidic environment, however, none of the tested flavonoids was able to surpass it at physiological pH or

slightly acidic conditions. In conclusion, flavonoids possessing appropriate structural characteristics were

efficient copper chelators and some of themwere even more potent than trientine under acidic conditions.
Introduction

Flavonoids represent a large group of polyphenolic compounds
which belong to plant secondary metabolites. Their ubiquity in
the plant kingdom and high content especially in fruits and
vegetables make them a common component of the human
diet. Flavonoids are 2-phenyl-1-benzopyran-4-one derivatives
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which can be classied into several subclasses according to
their basic chemical structure: avones, avonols, avanones,
avanonols, and avanols. Plenty of in vitro, in vivo and several
epidemiological studies have suggested their health-promoting
effects. Miscellaneous properties including antioxidant, anti-
microbial, anti-inammatory, anticancer, vasoactive or hep-
atoprotective may be responsible for this.1–3 The former theories
explaining the effects only by direct scavenging of reactive
oxygen species (ROS) seem to be overcome because avonoids
are able to chelate transient metals (particularly iron and/or
copper), to block several enzymes producing ROS, and to
specically interact with other targets (direct antiaggregatory
and vasodilatory potential) as well.4 While the interactions of
avonoids with iron, enzymes and specic targets have been
extensively studied (reviewed in ref. 4), data on interactions of
avonoids with copper are rather sparse. Quercetin and rutin
were mostly examined and only a few other compounds have
been tested.5–10 As far as we know, no complex comparison of
copper-chelating properties of avonoids has been published
yet.

Copper is an essential trace metal whose function in living
systems is based predominantly on its ability to change between
two oxidation states, a cuprous and a cupric one. Cuproenzymes
are involved in many vital processes such as cell respiration,
This journal is © The Royal Society of Chemistry 2014
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ROS elimination, biosynthesis of neurotransmitters and
connective tissue.11 The fate of copper in the human body is
complex and has not been fully understood. However, a
meticulous regulation of copper homeostasis is necessary
because unbound copper ions participate in the formation of
ROS due to the catalysis of the Fenton-like reaction which
consequently causes damage to various biological structures.12

A typical example of copper homeostasis disorder is Wilson's
disease, which is caused by the chronic copper overload due to a
specic genetic abnormality.13 Despite some controversy, the
disruption of copper homeostasis is involved in various patho-
logical states including neurodegenerative diseases, tumours
and acute myocardial infarction.14–17

The chelation approach is promising in pathological states
associated with the excess or dysregulation of transition metals,
however, the clinical use of copper chelators is currently
restricted only for the treatment of Wilson's disease. On the
other hand, the use of copper-chelating agents is absolutely
essential in this case: until the effective pharmacological treat-
ment based on D-penicillamine was available, Wilson's disease
was fatal. The research of copper chelators has not been so
successful up to now since currently only two other copper
chelators, trientine and tetrathiomolybdate, are used in the
treatment of Wilson's disease.13 Interestingly, although D-peni-
cillamine is considered as a standard copper chelator in the
clinical practice, it is a much less potent copper chelator than
trientine.18 The research of novel copper chelators for the other
above mentioned disorders, in particular that of the central
nervous system, is ongoing but most compounds are still in the
phase of experimental testing.

When screeningmetal chelators, several other factors should
be considered, e.g. lipophilicity of the parent compound and the
complex, affinity for the both cupric and cuprous ions, partici-
pation of the complex in redox chemistry, inuence by pH
because lower than physiological pH are characteristic for both
physiological conditions (copper absorption in the duodenum)
and several pathologies (tumours, acute myocardial infarction
and inammation), and the last but not the least the potential
toxicity of the compound.

Therefore this study was aimed at a detailed in vitro evalua-
tion of copper-chelating properties of various avonoids which
are generally considered as non-toxic. Their chelation efficiency
was assessed at four pH conditions ranging from 4.5 to 7.5,
towards both cupric and cuprous ions, and was compared with
trientine, a clinically used copper chelator. The emphasis was
given especially on the elucidation of the structure–activity
relationship. Additionally, the relative stability of the formed
complexes was assessed.

Materials and methods
Reagents and solutions

Stock solutions of cupric ions (cupric sulphate pentahydrate,
CuSO4$5H2O) and cuprous ions (cuprous chloride, CuCl) were
prepared in water (Milli-Q RG, Merck Millipore, Massachusetts,
U.S.A.) or in the aqueous solution of 0.1 M HCl and 1 M NaCl,
respectively. The corresponding fresh working solutions (0.25
This journal is © The Royal Society of Chemistry 2014
mM) were prepared by dilution in DMSO (BCS method) or
distilled water (hematoxylin method). Hydroxylamine hydro-
chloride and bathocuproinedisulfonic acid disodium salt (BCS)
were dissolved in distilled water. Hematoxylin was dissolved in
DMSO and its working solution (0.25 mM) was usable for no
longer than 90 min. All avonoids were dissolved in DMSO,
while trientine in distilled water.

Experiments were performed in 15 mM buffers, acetate (pH
4.5 and 5.5) and HEPES (pH 6.8 and 7.5).

Luteolin-40-O-glucoside was purchased from Extrasynthese
(France). Mosloavone and negletein were synthesized by a
convergent synthesis starting from chrysin according to the
previous report.19 All other chemicals were purchased from
Sigma-Aldrich (Germany).

Copper chelation assessment

Two spectrophotometric methods were used for the screening
of copper-chelating properties: an assay based on BCS and a
complementary assay using hematoxylin. These methods were
previously reported in the details.18

The hematoxylin assay: different concentrations of a tested
compound were mixed for 2 min with cupric ions in the pres-
ence of a buffer. Non-reacted cupric ions were mixed for next 3
min with the indicator hematoxylin and the absorbance was
measured thereaer and aer other 4 min. Different wave-
lengths were used according to pH: 595 nm (pH 5.5), 590 nm
(pH 6.8), and 610 nm (pH 7.5), as reported earlier.18

A similar approach was used in the BCS assay: different
concentrations of a tested compound were mixed with cupric or
cuprous ions in an excess of buffer and mixed for 2 min. In the
case of cuprous ions, hydroxylamine was added before the
copper solution in order to retain copper in its reduced state. In
the case of cupric ions, hydroxylamine was added aer mixing
by virtue of reduction of non-reacted cupric ions. The non-
chelated copper was then evidenced in both cases by the indi-
cator BCS and absorbance was read immediately and aer 5
min at 484 nm.

All experiments were performed in 96-well microplates, at
least in duplicates, at room temperature. A Synergy HT Multi-
Detection Microplate Reader (BioTec Instruments, Inc., USA)
was used for all spectrophotometric measurements.

Statistical analysis

The amount of remaining copper was calculated from the differ-
enceof absorbancebetween the tested sample (with the indicator)
and its corresponding blank (without indicator) divided by the
difference of the control sample (the known amount of copper
without the tested substance) and its control blank.

The dose-dependent curves with 95% condence (predic-
tion) intervals were constructed by GraphPad Prism 6 for
Windows (GraphPad Soware, USA). Each curve of an efficient
substance was composed from at least four points: rst
minimal point was approximately 0–5% chelation, last point
was maximal chelation. Maximal chelation was considered 95–
100% for high-affinity chelation or lower in cases when plateau
bellow this value was found. The efficiency of the copper
RSC Adv., 2014, 4, 32628–32638 | 32629
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chelation was calculated at the concentration ratio 1 : 1 and
10 : 1, substance : copper, respectively, according to the curve
equations:

y ¼ max/(1 + 10 exp((log ER50 � x) � k))

where y is the amount of chelated copper ions in per cent; max
the maximal chelation of copper ions in per cent; ER50 the
effective substance : copper concentration ratio needed to
chelate 50% of the copper; x the common logarithm of the
substance : copper concentration ratio; and k the slope of the
curve.

In the hematoxylin assay, ER50 were used for the comparison
of the chelation potencies. The corresponding SD values were
computed from the relation between condence intervals and
SD.20

Because the used indicators act virtually as copper chelators,
the competition between the tested compound and the indi-
cator occurs. When the compound forms unstable complexes, it
is possible to assess the relative stability of the sub-
stance : copper complex. The value of relative stability s was
calculated as follows:

s ¼ y2/y0

where y2 is the percentage of chelated copper in the second
measurement (aer 4 or 5 min in the hematoxylin or BCS
methodology, respectively), and y0 is the amount of chelated
copper ions at rst measurement.

Data are expressed as mean � SD. Differences were consid-
ered signicant at p < 0.05, unless stated otherwise. The
differences in chelation and relative stability of copper
complexes were performed by one-way ANOVA test followed by
Bonferroni's multiple comparisons test.
Results

Firstly, we assessed copper-chelating properties of all 26 avo-
noids (for chemical structures see Fig. S1†) by the use of the
Fig. 1 The chelation of cupric ions by flavonoids and trientine accordin

32630 | RSC Adv., 2014, 4, 32628–32638
hematoxylin assay because the methodology is less competitive
than that of BCS and therefore less efficient copper chelators
may be revealed as well.18
Hematoxylin assay

All tested avonoids excluding non-substituted avone and 7-
hydroxyavone were able to chelate copper in this complemen-
tary assay (Fig. 1). Although this methodology is not principally
aimed at the determination of the stoichiometry, the stoichi-
ometry could be assessed in the case of potent copper chelators.
E.g., if ER50 equals to 1, this mean that at the ratio 1 : 1 about
50% of copper was chelated, thus at the ratio 2 : 1, avonoid to
copper, respectively, about 100% of copper will be chelated and
therefore the stoichiometry of the complex would be 2 : 1.
Analogously, ER50 of 0.25 suggests the stoichiometry of 1 : 2 and
0.5 that of 1 : 1. In the case of low-affinity chelators, the ER50 is
apparently higher tot in a possible chelation stoichiometry and
thus the stoichiometry cannot be assessed in such cases.

Flavones luteolin and baicalein and avonol myricetin were
the most potent compounds. They were more active than tri-
entine and their ER50 values were approximately 0.25 suggesting
the complex stoichiometry 1 : 2 (avonoid : copper). Trientine
is well known to form a complex 1 : 1 stoichiometry and herein
the expected ER50 of 0.5 was conrmed. In contrast to trientine
which formed the same complex at all pH conditions, luteolin
formed likely the complex 1 : 1 at pH 5.5 while the stoichiom-
etry of complexes with baicalein and myricetin was on average
between 1 : 1 and 1 : 2 at this pH and thus it could not be
established with certainty from the current experiment. Quer-
cetin formed likely complexes with stoichiometry 1 : 2 at pH 6.8
as well but such complexes were not stable at pH 7.5 and 5.5. At
the latter pH, apparently 1 : 1 stoichiometry was observed.

The ER50 around 0.5 was observed in the case of negletein
and baicalin at pH 6.8 and 7.5 and in rutin at pH 6.8 suggesting
that these avonoids are able to form complexes with stoichi-
ometry 1 : 1. Again, their affinity for cupric ions at pH 5.5 was
lower in comparison to slightly acidic or physiological pH
conditions.
g to the hematoxylin assay. Data are expressed as ER50 values.

This journal is © The Royal Society of Chemistry 2014
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The ER50 of 1, implicating stoichiometry 2 : 1, was observed
in the case of avonols without the catechol ring B (3-hydroxy-
avone and kaempferol) at all tested pH conditions. Flavones
without the catechol ring B including 5-hydroxyavone, chrysin,
apigenin, mosloavone and luteolin-40-O-glucoside formed the
complexes with cupric ions at pH 6.8 with stoichiometry 2 : 1.

In the cases of avanones and avanols, the stoichiometry
cannot be established because these avonoids have high ER50

indicating their lower affinity to copper.
The active avonoids formed stable complexes at pH 5.5 and

6.8, however at pH 7.5, the relative stability depended on the
ratio of the avonoid to copper ions and it dropped with
decreasing ratio (Fig. S2†). The exceptions were baicalein, 3-
Fig. 2 The effect of different substitution in ring A in flavones. (A) Diosm
baicalin, and (G) baicalein. The direction of an arrow shows the relation
difference (p < 0.05), a two-way arrow the same potency. Glc: glucose,

Fig. 3 The effect of a hydroxyl substitution in flavonols. (A) 3-Hydroxyfl
direction of an arrow shows the relationship between compounds: a bo
arrow the same potency.

This journal is © The Royal Society of Chemistry 2014
hydroxyavone and luteolin which formed the stable complexes
even at pH 7.5.
Structure–activity relationship

The 5,6,7-trihydroxyl or 6,7-dihydroxyl; 30,40-dihydroxyl; 3-
hydroxyl-4-keto or 5-hydroxy-4-keto functional groups were
associated with cupric chelation. In order to highlight the
relationships between structural modications and the activity,
following schemes (Fig. 2–4) were prepared.

In the hematoxylin methodology, the chelating groups were
evidently responsible for a majority of the differences in copper
chelation, e.g.:
in, (B) 5-hydroxyflavone, (C) chrysin, (D) mosloflavone, (E) negletein, (F)
ship between compounds: a bold one-way arrow means a significant
Glu: glucuronic acid, Rha: rhamnose.

avone, (B) kaempferol, (C) morin, (D) quercetin, and (E) myricetin. The
ld one-way arrow means a significant difference (p < 0.05), a two-way

RSC Adv., 2014, 4, 32628–32638 | 32631
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Fig. 4 The effect of the substitution in ring B in flavones. (A) Chrysin, (B) apigenin, (C) luteolin, and (D) luteolin-40-O-glucoside. The direction of
an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p < 0.05), a two-way arrow the
same potency.
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� three adjacent hydroxyl groups in ring A or in ring B were
associated with better copper chelation than two adjacent
hydroxyl groups (Fig. 2 and 3);

� the catechol moiety in ring B increased the chelation in
comparison with an isolated hydroxyl group, in particular at pH
6.8 and 7.5 (Fig. 3 and 4);

� the 3-hydroxy-4-keto chelation site apparently improved
copper chelation as the blockade of the 3-hydroxyl group
decreased the copper chelation potential (quercetin was more
potent than rutin and troxerutin). The effect of that chelation
site was conrmed even in the absence of the 2,3-double bond:
avanols with the catechol ring B were less potent than taxifolin
possessing both catechol ring B and the 4-keto group under
acidic conditions (Fig. 1);

� similarly, the 5-hydroxy-4-keto chelation site was associated
with the copper chelation activity (e.g. non-chelating avone vs
chelating 5-hydroxyavone).

The non-chelating groups inuenced only slightly the
resulting chelation effect with few exceptions:

� the adjacent hydroxyl group in the position 20 decreased
the chelation potential of the 3-hydroxy-4-keto chelation site
(Fig. 3C vs. 3D);

� in avanones, a sugar in the position 7 signicantly
reduced the copper chelation potential (Fig. 1), similarly, a
sugar in the position 7 in avones decreased the chelation
potential of the 5-hydroxy-4-keto chelation site (Fig. 2F vs. 2G);

� contrarily, a sugar in the position 7 was more advantageous
than a methoxyl group in this position at least at pH 5.5 (Fig. 2F
vs. 2E).
BCS assay

In this assay, all 24 avonoids which chelated copper ions in the
hematoxylinmethodwere tested. In contrast to the former assay,
only the members of avones and avonols were able to
substantially chelate copper in this competitive approach
including BCS. This suggested that the 30,40-dihydroxyl group
alone was insufficient for copper chelation in the competitive
conditions in contrast to the previously mentioned slightly
competitive hematoxylin approach. A blocking of the catechol
group in the case of luteolin-40-O-glucoside or diosmin abolished
absolutely the remaining activity. For an overview, the cupric
chelationability of activeavonoidswas comparedat the ratios of
32632 | RSC Adv., 2014, 4, 32628–32638
1 : 1 and10 : 1 (avonoid : copper) (Fig. 5). All tested compounds
showed generally higher activity towards cupric ions, but the
results are in general analogous for cuprous ions (Fig. S3†).

In most cases, the chelation ability signicantly dropped
with increasing acidity of the environment and the majority of
avonoids chelated hardly any or no copper ions at pH 4.5.
Interestingly, in contrast to the hematoxylin method or the
chelation curves of trientine, the majority of tested avonoids
were not able to chelate 100% of the copper even at very high
concentration ratios (the representative examples are shown in
Fig. S4†). Rather a plateau was observed in majority of avo-
noids. This is apparent from the Fig. 5 where the copper
chelation of 3-hydroxyavone or kaempferol increased from the
ratio of 1 : 1 to 10 : 1 while baicaleinmostly reached its maximal
chelation approximately at the ratio of 1 : 1.

None of the tested avonoids was more potent than trientine
at the physiological or slightly acidic conditions even if 3-
hydroxyavoneandpartly aswell kaempferolwere similarly active
at the ratio of 10 : 1. However, under the acidic conditions, the
bothmentioned avonols were more potent than trientine at the
ratio of 10 : 1 for chelation of the both cupric and cuprous ions.
Baicalein,due to its inability to chelate100%of copper, surpassed
trientine only at pH4.5 (Cu2+ at the ratioof 1 : 1, Cu+ at the ratio of
10 : 1) while at pH 5.5 it wasmore active chelator of cuprous ions
and non-inferior chelator of cupric ions. All other tested avo-
noids were less efficient than trientine at all conditions.

An additional analysis was performed with active copper
chelators, i.e. those with chelation higher than 30% at the ratio
of 10 : 1 (Fig. S5†). The relative stability of avonoids was
independent on pH, the only exception was baicalein which
formed less stable complexes at more acidic conditions. 3-
Hydroxyavone, kaempferol, quercetin and myricetin formed
stable complexes at all tested pH conditions with the relative
stability comparable with complexes of trientine at pH 6.8/7.5
(Fig. S5†). On the other hand, the complexes of other assessed
avones were signicantly less stable than in the case of trien-
tine. The described phenomenon was independent on the
oxidation state of copper ions.
Structure–activity relationship

In contrast to the hematoxylin methodology, the impact of
different substitutions was more complex and markedly
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 The chelation of cupric ions by flavonoids in comparison with trientine, at the ratios of 1 : 1 (A) and 10 : 1 (B) (flavonoid : copper). * Less
potent than trientine, † more potent than trientine (p < 0.05).
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dependent on copper oxidation state and pH (Fig. 6–9). The
most important ndings are:

� a substitution of the free 3-hydroxyl group was associated
with a marked decrease in the chelation activity (Fig. 6);
Fig. 6 The effect of the 3-hydroxyl group and additional hydroxyl group
found for pH 4.5 and cuprous ions at the ratios higher than 10 : 1 (flavo
tionship between compounds: a bold one-way arrowmeans a significant
Rha: rhamnose.

This journal is © The Royal Society of Chemistry 2014
� a presence of adjacent hydroxyl groups in ring A increased
the chelation potency while a methoxyl group or a sugar had
negative inuence on it (Fig. 7). On the contrary, a hydroxyl
substitution in ring B had no inuence (Fig. 8A vs. 8B) or even
deteriorated the activity (Fig. 8 and 9);
s in flavonols. (A) Rutin, (B) troxerutin, (C) quercetin, a significance was
noid : copper, respectively). The direction of an arrow shows the rela-
difference (p < 0.05), a two-way arrow the same potency. Glc: glucose,
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Fig. 7 The effect of different substitution in ring A in flavones. (A) 5-Hydroxyflavone, (B) chrysin, (C) mosloflavone, (D) negletein, (E) baicalin, and
(F) baicalein. The direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p <
0.05), a two-way arrow the same potency. Glu: glucuronic acid.

Fig. 8 The effect of hydroxyl substitution in flavonols. (A) 3-Hydroxyflavone, (B) kaempferol, (C) morin, (D) quercetin, (E) myricetin, a significance
was found at the ratios higher than 10 : 1 (flavonoid : copper), b at the ratios lower than 4 : 1 (flavonoid : copper) myricetin was more potent than
quercetin. The direction of an arrow shows the relationship between compounds: a bold one-way arrow means a significant difference (p <
0.05), a two-way arrow the same potency.

Fig. 9 The effect of substitution in ring B in flavones. (A) Chrysin,
(B) apigenin, and (C) luteolin. The direction of an arrow shows the
relationship between compounds: a bold one-way arrow means a
significant difference (p < 0.05), a two-way arrow the same
potency.

32634 | RSC Adv., 2014, 4, 32628–32638
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� a hydroxyl group in the position 20 weakened the effect of
the essential 3-hydroxy-4-keto chelation site (Fig. 9C vs. 9B).
Discussion

While avonoids-iron interactions have been studied in a
detailed way,21–30 such attention has not been focused on
copper. This study demonstrated that avonoids across
different subclasses were able to chelate copper ions, however,
in a very variable manner. The chelating sites for copper does
not substantially differ from that of iron or other metals.22,31 In
harmony with published data on the both copper and iron
chelation, the most important chelation sites were 3-hydroxy-4-
keto, 5-hydroxy-4-keto, 30,40-dihydroxyl (i.e. the catechol ring B),
and (5),6,7-(tri)dihydroxyl substitution in ring A. Isolated keto,
hydroxyl and methoxyl groups were not associated with metal
chelation.
This journal is © The Royal Society of Chemistry 2014
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Contrary to the widespread application of a direct spectro-
photometry in the analysis of metal–chelator interactions,32,33

we used an indirect spectrophotometric approach.18 Contrary to
the direct spectrophotometry, a competition between the indi-
cator, which is in fact a strong cuprous chelator BCS, and a
tested compound can be useful for the assessment of the
formed complex relative stability. While the complementary
hematoxylin method is suitable for basic screening of copper
chelation ability and suggestion of complex stoichiometry, the
assay employing BCS reveals the potency of a chelator.

Although there are important drawbacks of the hematoxylin
method including decreasing affinity of hematoxylin for copper
with decreasing pH and resulting impossibility to use the
method at pH 4.5, its outcomes concerning suggestion of the
stoichiometry appears to be real and in agreement with avail-
able literary sources.18 Because the affinity of hematoxylin for
copper is high at pH 7.5, only very active copper chelators are
able to form stable complexes at this pH. This was true for
powerful copper chelators of avonoid class as 3-hydroxyavone
and baicalein. Contrarily, the assessment of copper–avonoid
stoichiometry can be easily measured as well in moderately
active chelators at pH 6.8 or pH 5.5 because of lower affinity of
hematoxylin for copper at these pH conditions. This is sup-
ported by the fact that all avonoid–copper complexes were
stable at pH 5.5 and 6.8 in contrast to pH 7.5 (Fig. S2†).

The stoichiometry of the complexes is apparently based on
the number and type of functional groups. At slightly acidic pH
of 6.8, 3-hydroxyavone and kaempferol with only one possible
3-hydroxy-4-keto chelation site formed the complexes of 2 : 1,
avonoid to copper, similarly to avones with analogous 5-
hydroxy-4-keto chelation group (5-hydroxyavone, chrysin, api-
genin, mosloavone and luteolin-40-glycoside). Luteolin and
quercetin possessing both (3-hydroxy)-5-hydroxy-4-keto and the
catechol ring B were able to chelate 2 copper atoms per mole-
cule similarly to myricetin equipped with three adjacent
hydroxyl groups in ring B and 3-hydroxy-5-hydroxy-4-keto
chelation site. Rutin, although possessing the identical chela-
tion site as luteolin, formed only complexes with 1 : 1 stoichi-
ometry. The likely reason is the steric hindrance of the sugar in
the position 3. Specic cases are avones with 5,6- and 7-
hydroxyl groups forming complexes of 1 : 1 stoichiometry in
case of the presence of only two hydroxyl groups (baicalin and
negletein) or chelating 2 molecules of copper per unit in case of
the presence of all three hydroxyl groups (baicalein).

By decreasing pH from 6.8 to 5.5, a marked drop in the
chelation activity of avonoids with the catechol ring B, the 5-
hydroxy-4-keto and even the 5,6-dihydroxyl/5,6,7-trihydroxyl
chelation sites was observed among all classes of avonoids.
The catechol ring B is promoted by the majority of researchers
as the most important due to its best direct scavenging poten-
tial.34,35 However, its metal chelating activity is substantial only
at physiological pH and particularly at alkaline conditions9,22,31

in contrast to other possible chelation sites, which arises from
different pKa values of hydroxyl groups in the avonoid
structure.36

A similar instability is apparently valid for chelation sites in
ring A or between the rings A and C. The only pH-independent
This journal is © The Royal Society of Chemistry 2014
chelation site was the 3-hydroxy-4-keto site as was clearly
demonstrated by 3-hydroxyavone and kaempferol, whose
chelation activity was stable at all pH including pH 7.5. Inter-
estingly, myricetin, the only avonoid tested in this study with
three adjacent hydroxyl groups in ring B behaved as well as a
pH-independent copper chelator. Sparse data from the litera-
ture conrm our ndings. Quercetin formed complexes of 1 : 1
or 1 : 2 stoichiometry (avonoid : copper). A complex of 2 : 1
was not documented by potentiometric and spectrophotometric
measurements but may exist likely in a smaller amount at more
acidic conditions, as was documented by highly sensitive elec-
trospray ionisationmass spectrophotometry (ESI-MS).7,8,10 Rutin
is rstly forming complexes with 1 : 1 stoichiometry followed by
a disproportionation process leading to 2 : 1 (rutin : copper)
complex.7 Other groups found complexes of quercetin with
copper of 1 : 1 stoichiometry in non-buffered conditions which
may be associated with the fact that the catechol ring B may not
be available at these conditions in contrast to physiological,
slightly basic pH where deprotonation of catechol hydroxyls is
taking place.10 It must be mentioned too that the study of de
Souza reported complexes of avonoids with copper in the
stoichiometry of 1 : 2 for quercetin, 2 : 3 for rutin and 1 : 1 for 3-
hydroxyavone. The reason for this discrepancy is not known
but authors documented identical stoichiometries for avo-
noid–iron complexes and those are not in agreement with other
studies.22,37

Although avanols and avanones tested in this study
possess the catechol ring B and/or the 5-hydroxy-4-keto or even
the 3-hydroxy-4-keto-5-hydroxy chelation site, their copper
chelation activity was clearly low and unequivocally lower than
that of their close congeners from avone or avonol groups.
Similarly, spectrophotometric approach did not detect spectral
changes in the case of adding cupric ions to avanones nar-
ingenin and naringin at pH 5.5 and 7.4 while the spectrum of
avanol catechin was changed only in the case of pH 7.4.
Interestingly, no change was surprisingly observed in the case of
taxifolin,9 which possesses identical substitution pattern to
catechin and 4-keto group in addition, and was shown to be
more active than catechin.38 In contrast, highly sensitive ESI-MS
even at pH 3 found some complexes of catechin and nar-
ingenin.8 Although authors did not test other mentioned
avonoids, it is apparent, that these avonoids are able to form
only unstable complexes with copper. The reason consists in the
lack of the 2,3-double bond, which inuences the planarity of
the molecule and enables delocalization of p–electronic
system.39 It is suggested that copper ions prefer planar or
tetrahedral conformation in contrast to octahedral geometries
in the case of iron.6 This may be relevant, as the stoichiometric
complex of 3 : 1, avonoid to copper, was not observed in this
study. Such a complex was found by ESI-MS in low quantities
and its formation is clearly less probable.8,40

The instability of the catechol ring B and of the 5-hydroxy-4-
keto chelation site was further conrmed by the highly
competitive BCS methodology. Compounds possessing only the
catechol ring B were almost inefficient while those with the
latter were apparently less active than in the hematoxylin
method. Such nding was observed earlier in smaller sets of
RSC Adv., 2014, 4, 32628–32638 | 32635
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avonoids, where copper was removed from luteolin and rutin
complexes aer addition of EDTA while only partly from quer-
cetin.5,10 Although, a decrease in the copper chelation potency
comparing the hematoxylin and the BCS methodology was
observed in chelators with the 3-hydroxy-4-keto group as well,
these avonoids were clearly the most powerful chelators fol-
lowed by baicalein with three hydroxyl groups in ring A. The
importance of the 3-hydroxy-4-keto group is supported by:

(1) mathematical calculations which supposed that the 3-
hydroxy-4-keto group is the preferred copper chelation site even
in the simultaneous presence of the 5-hydroxyl group or the
30,40-dihydroxyl group in ring B;40

(2) other studies analysing the effect of avonoids on other
metals which conrmed the importance of the 3-hydroxy-4-keto
group, although in alkaline media, the catechol might be
preferred.22,31

Interestingly, the hydroxyl groups in ring B may represent a
disadvantage in contrast to the direct scavenging potential. This
was demonstrated in the highly competitive approach with BCS.
Neither a catechol nor a pyrogallol moiety in ring B improved
the chelation. Moreover, these substituents even deteriorated
the ability (Fig. 8 and 9). The reason may be paradoxical but
important. Probable explanation of this negative effect lies in a
reduction of Cu2+ ions, which is substantial by a catechol or a
pyrogallol structure in ring B.9 Because the affinity for cuprous
ions is lower in avonoids and very high in the case of BCS,
avonoids with highly reducing properties are not able to retain
the cuprous ions in the complex structure in competition with
the strong indicator BCS. This is in a clear contrast to powerful
copper chelators like trientine at pH 6.8/7.5 or chloroxine at all
tested pH conditions.18 We are currently performing experi-
ments on copper reduction and in line with previous data,9

copper reduction is highly dependent on number of hydroxyl
groups in ring B and may therefore inuence the copper
chelation too.

Similarly, the reduction may explain the failure of baicalein
to be the most active copper chelator like in the case of iron,
where its affinity for iron was comparable to the standard iron
chelator deferoxamine.22 Although the chelation ability was
growing with the number of free hydroxyl groups in ring A
(Fig. 7) and baicalein with the 5,6,7-trihydroxyl groups repre-
sented the most potent avone, it was clearly less efficient than
3-hydroxyavone. The major difference is that 3-hydroxyavone
or kaempferol were able to chelate 100% of copper in highly
competitive environment with BCS while baicalein did not. The
inuence of methoxylation of hydroxyl groups in ring A was
more pronounced than in the case of iron chelation. On one
hand, a methoxyl group instead of the corresponding hydroxyl
group abolished the effect of the hydroxyl group which could be
observed in the series baicalein > negletein > mosloavone, but
on the other hand mosloavone possessing the 6,7-dimethoxyl
groups was even weaker chelator than the basic avone, 5-
hydroxyavone, under certain conditions. Steric hindrance was
probably responsible for this nding. This may be supported by
the fact that baicalin with the attached glucose moiety in the
position 7 was less potent in comparison with baicalein and
even negletein. The 7-hydroxyl group in chrysin favoured the
32636 | RSC Adv., 2014, 4, 32628–32638
chelation especially under the acidic conditions when
compared with 5-hydroxyavone and mosloavone.

Although these ndings may be relevant to both pharma-
cology and physiology because avonoids are common part of
our food, the inuence of avonoids on copper pharmacoki-
netics in human will need additional studies. The fact that 3-
hydroxyavone and kaempferol were powerful copper chelators
and their effect was under the acidic conditions even more
pronounced than that of trientine, a copper chelator used in a
clinical practice for the treatment of Wilson's disease,41 may be
of a clinical relevance. Indeed, trientine is active particularly at
neutral and slightly acidic conditions18 and because various
physiological and pathophysiological aspects (e.g. GIT absorp-
tion, tumours, inamed or ischaemic tissue) inuence the
acidity of different compartments in the human body, these
avonoids may be possibly advantageous in several patho-
physiological situations. However, their pharmacokinetics,
which may result in the inactivity, must be taken into account.42

None of the tested avonoids was selective to either oxidation
state of copper ions, the majority of them showed higher affinity
for the oxidized form. Similar nding was documented in the
study with the iron chelation.22 But in contrast to the fate of iron
in the organism, which is quite well known, the copper phar-
macokinetics and in particular the importance of its oxidation
state is a subject of debate.43 At the moment, even the data on
copper absorption are divergent. It appears that the copper
transporter CTR1 recognize cuprous ions but the absorption of
copper in the form of cupric ions cannot be fully excluded.43

Complexes of copper with very active avonoids 3-hydroxy-
avone and kaempferol may lead to either decreased or
increased copper absorption depending on possible transport
mechanisms and charge. While 3-hydroxyavone is a synthetic
compound and serves as a model molecule, kaempferol is
commonly found in plant-derived food and in plants used in
traditional medicine44 and thusmay have potential inuence on
copper (patho)physiology. On the other hand, other avonoids
with low copper chelation ability together with powerful copper
reducing properties may reduce cupric ions present in food into
cuprous ones and thus inuence the absorption. Some studies
analysing these factors are currently being performed in our
laboratory. Limited available experimental data in rats give
rather equivocal results: feeding with tea or its polyphenols did
not affect the absorption of copper,45 neither did the adminis-
tration of rutin and catechin46 while in another study, rutin
decreased copper content in the liver.47 Another interesting
factor is the anti- or pro-oxidant activity of copper–avonoid
complexes. A recent study found that copper complexes of
avonoids were more potent antioxidants than non-complexed
avonoids.10 However, there is no accordance on this nding in
the literature,6 and this fact together with possible inuence of
avonoids on the copper driven Fenton reaction should be
analysed in the future.

Conclusion

This study demonstrated that the potency of copper chelation is
very different among various avonoids. Although almost all
This journal is © The Royal Society of Chemistry 2014
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avonoids are able to chelate copper, in the presence of the
competitive indicator, their copper chelation potency was rather
low in majority of cases. Some compounds, particularly those
containing the 3-hydroxyl group in association with the 4-keto
group and the 2,3-double bond (3-hydroxyavone, kaempferol)
or possessing the 5,6,7-trihydroxyl substitution (baicalein) were,
however, very potent even in highly competitive environment.
Their activity in lower pH conditions was even higher than
clinically used copper chelator trientine. On the other hand, the
catechol ring B did not represent signicant advantage for the
activity, moreover, it may deteriorate the copper chelation
under certain conditions, probably through participating in
reduction of copper ions. The copper reduction properties must
be taken into account for the complex evaluation of avonoid–
metal interactions.
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